The effect of polymeric coatings on the static fatigue of double-coated optical fibers is investigated. A closed form solution of the tensile stress in the glass fiber under the action of a constant tensile force in the fiber's axial direction is obtained using viscoelastic theory. The tensile force is applied to the glass fiber and polymeric coatings. The applied tensile fore is gradually transferred from the polymeric coating to the glass fiber due to the viscoelastic behavior of the former, and the tensile stress in the glass fiber increases with time. This increase accelerates the failure of the glass fiber. The thickness and Young's modulus of the secondary coating should be increased to ensure the long-term reliability of optical fibers, and the relaxation time of the secondary coating should be significantly larger than the expected lifetime of the optical fiber. However, the ratio of the proof-test load to the allowable external load should be increased if the secondary coating of the optical fiber has a high axial rigidity and low relaxation time.
I. INTRODUCTION
Low transmission loss and wide bandwidth optical fibers have been developed, and many practical transmission systems use these fibers. Long-term stability is an important requirement for optical transmission, so optical fibers must maintain stability under the most severe conditions. 1 The long-term mechanical strength of optical fibers is maintained by coating the silica glass fibers with polymeric materials during fabrication. Static fatigue ͑or dynamic fatigue͒ testing is extensively employed to determine the long-term strength of optical fibers. [2] [3] [4] Fatigue in silica glass fiber is the result of subcritical crack growth. Under mode I loading, a crack of length c locally amplifies the applied stress, a , and results in a stress intensity factor given by
where Y is a parameter describing the crack shape and loading geometry. When the stress intensity factor exceeds a critical value, K IC , the crack grows catastrophically and causes failure. The static fatigue test applies a constant tensile force to the optical fiber along the axial direction, and the failure time of the glass fiber is examined. The lifetime of optical fibers under certain lower values of applied tensile stress can be predicted from the relationship between the applied tensile load ͑usually expressed as the applied tensile stress͒ and failure time. In most previous literature, 1-4 the tensile stress, a , in the silica glass fiber is directly obtained from the applied tensile force by the elastic theory and is assumed not to vary with time. Actually, the tensile force is applied to the glass fiber and polymeric coatings. Although the glass fiber behaves like an elastic medium, polymeric coatings for optical fibers are typically viscoelastic materials. As a result, the stresses exerted on the coating are relaxed, 5, 6 and the applied tensile force is gradually transferred from the polymeric coatings to the silica glass fiber over a long time. Equation ͑1͒ shows that increasing the tensile stress, a , applied to the glass fiber accelerates the failure of the glass fiber over a long period. However, this effect has not been investigated. This study derives the stresses in the silica glass fiber of double-coated optical fibers from the viscoelastic theory, under the action of a constant tensile force, and then the effect of polymeric coatings on the static fatigue of fibers is considered. Figure 1 depicts the problem: a double-coated optical fiber is constructed from a silica glass fiber coated with two polymeric layers. Here r, E, , and represent the radius, Young's modulus, Poisson ratio, and viscosity coefficient in tension, respectively, and subscripts 0, 1, and 2 indicate the glass fiber, primary coating and secondary coating, respectively. In the static fatigue test, both ends of the outer surface of the secondary coating are clamped, and a tensile force, F(t), is applied to the optical fiber in the axial direction. F(t) is increased from zero to F during a very short time interval, and is then held at F for time tу0. For commercialized double-coated optical fibers, the Young's modulus of the primary coating is significantly smaller than the Young's moduli of the glass fiber and secondary coating; therefore, the axial tensile force is assumed to be applied to the glass fiber and secondary coating, with no axial tensile stress is in the primary coating. The polymeric materials used in Ref. 7 were assumed to be elastic, and the axial tensile stress in the glass fiber was derived from elastic theory. In the mechanics of materials, 8 1/ 0 (ϭE 0 r 0 2 ) and 1/ 2 ͓ϭE 2 (r 2 2 Ϫr 1 2 )͔ are the axial rigidities of the glass fiber and secondary coating, respectively. Although the viscoelastic behavior of polymeric coatings is not very clear, polymeric coatings can be simply and reasonably assumed to behave as Maxwell materials. 5, 6, 9 As a result, long-term stresses in glass fibers can be determined from the viscoelastic theory as follows. 10 First, the Young's modulus of the polymeric coating, given in Eq. ͑2͒, is replaced with the bulk modulus, K, and shear modulus, G, such that Eϭ9KG/(3KϩG). Second, according to the Laplace transformation for Maxwell materials, 3K and 1/(2G) become 3K and ͓1/(2G)͔ ϩ͓3/(2s)͔, respectively. Consequently, the tensile stress in the silica glass fiber in the s space is obtained:
II. ANALYSIS
where
Finally, Eq. ͑4͒ is transformed from s space to t space using the Laplace transformation, and (t) in the time domain becomes
where 2 ϭ 2 /E 2 . For Maxwell materials, the ratio of the viscosity coefficient, , to Young's modulus, E, is called the relaxation time, . Relaxation time is a property of polymeric materials that can be determined by dynamic mechanical analysis. 11 In dynamic mechanical analysis, a stress, 0 sin(t), varied sinusoidally with time, is applied to viscoelastic materials, and the measured strain, ⑀ 0 sin(tϩ␦), usually lags behind the stress by a phase, ␦. Here, represents the angular frequency of the sinusoidal variation, and 0 and ⑀ 0 denote the stress amplitude and strain amplitude, respectively. For Maxwell polymeric materials, can be approximately determined as ϭ1/͑ tan ␦͒.
11 As 2 approaches infinity, the secondary coatings behave as elastic materials and the problem solved by viscoelastic theory is reduced to that solved by elastic theory; 7 that is, Eq. ͑6͒ is reduced to Eq. ͑2͒. Meanwhile, the relaxation of Maxwell materials begins at the initial time, so Eq. ͑6͒ is also reduced to Eq. ͑2͒ at tϭ0.
III. RESULTS AND DISCUSSION
Figures 2, 3, and 4 show (t) vs r 2 , E 2 , and 2 , respectively, at different times, to clarify the effect of the secondary coating on the static fatigue. The parameters of this optical fiber are assumed to be r 0 ϭ62.5 m, r 1 ϭ100 m, r 2 ϭ200 m, E 0 ϭ72.5 GPa, E 2 ϭ3 GPa, and 2 ϭ10 5 h with the exceptions as specified in each figure. Figure 2 shows that (t) increases with increasing t, and decreases with increasing r 2 , and 10 7 h, respectively. The lifetime, t f , of optical fibers is usually expected to exceed 25 years. In real applications, the loading time, t, of tensile stress in the glass fiber begins at the initial time and ends at the lifetime of the optical fibers (0ϹϽtϹt f ). The above evaluation shows that (t) is a function of time. In the beginning (tϭ0), the axial tensile stress (t) in the glass fiber is equal to ͓F/(r 0 2 )͔͓ 2 /( 0 ϩ 2 )͔, and then gradually increases with time, finally reaching ͓F/(r 0 2 )͔ ϫ͕1-͓ 0 /( 0 ϩ 2 )͔exp͓Ϫ(t f / 2 ) 2 /( 0 ϩ 2 )͔͖ at tϭt f . If the loading time is fixed, (t) decreases as the thickness, Young's modulus or relaxation time of the secondary coating increases. The tensile force is applied to the glass fiber and secondary coating, such that a more axially rigid secondary coating ͑larger thickness and Young's modulus͒ would produce less tensile stress in the glass fiber. Over time, the applied tensile force is transferred from the polymeric coating to the glass fiber. The increase of (t) strongly depends on the relaxation time of the secondary coating, and could be suppressed by selecting a secondary coating with a longer relaxation time.
The tensile stress in the glass fiber at tϭ0 and tϭt f can be called the short-term and long-term tensile stresses, respectively. The ratio R of long-to short-term tensile stress in the glass fiber can be obtained as
which indicates the amplification factor of tensile stress in the glass fiber during loading. If the lifetime, t f , of the optical fiber is significantly smaller than the relaxation time, 2 , of the secondary coating (t f Ӷ 2 ), the amplification factor is equal to unity. However, if the lifetime, t f , of the optical fiber is significantly larger than the relaxation time, 2 , of the secondary coating (t f ӷ 2 ), the amplification factor is equal to ( 0 ϩ 2 )/ 2 which increases with the axial rigidity of the secondary coating. If the axial rigidity of the secondary coating is much smaller than the axial rigidity of the glass fiber ( 2 ӷ 0 ), the amplification factor R is also equal to unity. Notably, larger stress amplification factor R is less able to ensure the fiber's long-term reliability for the following reason. Optical fibers are commonly screened through a proof-test equipment during fabrication. 12, 13 The proof-test continuously applies a constant tensile force, F, to the optical fibers to ensure that all the glass fibers can withstand the tensile force. The proof-test setting force, F p , is usually equal to 4.23 N, and the tensile stress p applied to the glass fiber is taken as 50 000 psi ͑ϭ345 MPa͒, according to the formula: p ϭF p /(r 0 2 ). The proof test is carried out in a short time, and thus can only be used to ensure the short-term strength of optical fibers. In real applications, the external load allowed in the optical fiber is limited to only a fraction of the proof-test setting value, to expect that the optical fibers never fail. The ratio of the proof-test setting load to the allowable external load is called the safety factor. Notably, if the stress amplification factor R exceeds the safety factor, then the long-term tensile stress in the glass fiber will probably exceed the screened stress in the glass fiber in the proof test, endangering the long-term reliability of optical fibers. An increase in the ratio of the proof-test setting load to the allowable external load ͑the safety factor͒ is recommended whenever this condition occurs.
Three examples of the calculated axial tensile stress in the glass fiber are illustrated here. The first fiber is coated with an UV-curved soft acrylate primary coating and an UVcurved hard acrylate secondary coating. This fiber's parameters are assumed as follows: r 0 ϭ62.5 m, r 1 ϭ100 m, r 2 ϭ125 m, E 0 ϭ72.5 GPa, E 2 ϭ1.35 GPa, 2 ϭ10 3 h, and Fϭ3 N. The calculated results show that (t) is equal to 238, 244, 244 and 244 MPa at tϭ0, tϭ8.76ϫ10 3 h ͑ϭ1 year͒, 2.19ϫ10 5 h ͑ϭ25 years͒ and 8.76ϫ10 5 h ͑ϭ100 years͒, respectively. The secondary coating of fiber I has a low axial rigidity ͑i.e., 2 ӷ 0 ͒, so (t) is almost equal to 244 MPa ͓ϭF/(r 0 2 )͔ during loading. The stress amplification factor of fiber I approaches one. The second fiber is coated with a silicon primary coating and a nylon secondary coating. The parameters of this fiber are assumed as follows: r 0 ϭ62.5 m, r 1 ϭ200 m, r 2 ϭ450 m, E 0 ϭ72.5 GPa, E 2 ϭ3 GPa, 2 ϭ10 h, and Fϭ3 N. The calculated results reveal that (t) is equal to 89.8, 89.9, 91.1, and 94.7 MPa at tϭ0, tϭ8.76ϫ10 3 h ͑ϭ1 year͒, tϭ2.19ϫ10 5 h ͑ϭ25 years͒, and tϭ8.76ϫ10 5 h ͑ϭ100 years͒, respectively. The value of (t) is only about 38.7% of fiber I since the secondary coating of the fiber II possesses higher axial rigidity and relax- ation time. The stress amplification factor of fiber II also approaches one. The third fiber has the same parameters as fiber I with the exception that r 2 ϭ450 m. 5 h ͑ϭ100 years͒, respectively. The secondary coating of fiber III has higher axial rigidity than that of fiber I, so (t) of fiber III at tϭ0 is smaller than that of fiber I. However, 2 of fiber III is less than one year, so (t) approaches 244 MPa ͓ϭF/(r 0 2 )͔ as the loading time exceeds one year. The stress amplification factor of fiber III is 1.92, which is larger than those of fibers I and II.
The above findings show that the long-term reliability of optical fibers is best to ensure by the following selection of polymeric coatings. The axial rigidity of the secondary coating should be increased, and the relaxation time of the secondary coating should be significantly larger than the expected lifetime of optical fibers ͑as stated for fiber II in the above example͒, because secondary coatings with larger rigidity and relaxation time apply lower short-and long-term tensile stress to the glass fiber and exhibit a lower stress amplification factor. However, if the secondary coating of an optical fiber has a lower axial rigidity ͑as for fiber I in the above example͒, the glass fiber will have higher short-and long-term tensile stress and a lower stress amplification factor will apply. If the secondary coating has higher axial rigidity and lower relaxation time ͑as for fiber III in the above example͒, the glass fiber will show lower short-term and higher long-term tensile stress and a higher stress amplification factor will apply. In such a case, the ratio of the prooftest setting load to the allowable external load should be increased. The influence of relaxation time ͑or viscosity͒ of polymeric coatings on the long-term characteristics of optical fibers is very important. However, little work has been done to study the viscoelastic behavior of cured polymeric coatings. Specialists in optical fibers may benefit from paying more attention to the viscoelastic behavior of cured polymeric coatings.
IV. CONCLUSIONS
The effect of polymeric coatings on the static fatigue is investigated. During loading, the tensile force is mainly applied to the glass fiber and secondary coating. A more axially rigid secondary coating produces less tensile stress in the glass fiber. The applied tensile force is gradually transferred from the polymeric coating to the glass fiber and the tensile stress in the glass fiber increases with time, due to the viscoelastic behavior of the polymeric coating. The relaxation time of the secondary coating should be increased to decelerate this increase. Consequently, the axial rigidity of the secondary coating should be increased to ensure the longterm reliability of optical fibers, and the relaxation time of the secondary coating should be significantly larger than the expected lifetime of the optical fiber. However, if the secondary coating has a lower axial rigidity, the glass fiber will experience higher short-and long-term tensile stress, and a lower stress amplification factor will apply. A secondary coating with a higher axial rigidity and a lower relaxation time will give a glass fiber a lower short-term and higher long-term tensile stress in the glass fiber and a higher stress amplification factor will apply. In such a case, the ratio of the proof-test setting load to the allowable external load should be increased.
